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Appendix A Tecnnoioay Survey Summary 


A.l fechnology Report 
Fics required by contract DAA O7-S4-C-RO17, a cComoreniensive 
Lechnalagy Survey repaork was 


Or eparecd Detween February ame ruicuisi 
Lye, His report cGetails the approach and resuite of ai survey 
aor moakors, solid-state cantrols, alternator /gqenerators, and serva 
components which were potential candidates for th 
@electric drive study. im addition, solid-state components anc 


Var lous Materials such as advanced maqnetics were included in tne 


@ adivanc 


SLU VERY . The Survey report was approved in January Looe. 


Aree buervey Update 


The motor tree at Figure A.S-1 formed the basis for the motor 
LUO WEY 4» Results of the survey erfort for motor selection is 
Shaw im Fiqurere A. anim. This selection process was the resuit of 
am extensive matrix/tradeatt analysis and was iritially used in 


early concept development. 7 AS the concepts were refined, 
pertfarmance venicie factors became an influence ain the motor 
component selection. The result af tne influence was the 
selection of the Homopolar motor for the DC system and the high 

frequency induction motar for the AC system. The selection oa 
these moters tor the Configuratian I anmalysis dictated the 
additional system cCamponenks Such ass tne mort. or power" 
canditioners/controllers and the alternator/generators. 
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Figure A.2-3 compares the selected motors with respect ta 
operatianal and characteristic attributes. The Khybeid permanant 
maqnet. (FMD “brushless” mator is included in the comparison to 
indicate the effect of relative complexity introduced by the 
total FM motor/power conditioner system. mn CRIS camparisan, the 


Dl ang AC motors operate independant at an external power 
canditioner. 


Pk oS apparent for this update comparison that mo ciear "best" 
mator component selection is possible since each differant type 
has Certain advantages not shared by the other. 


Motor power controllers/canditianers are compared in Figure &.2- 
4a im this comparigan, the DC system appears ta have some 
advantage due ta the inherent gain af the OC moter and thus the 
lack Cut ary [a Were semiconductors. Tine co cee” 


controallers/conditianaers for the Al and nvybrid motors are ali uc 


rare AL inverter systems and are cdesiaqngegd around large power 
semiconductors, 


A comparison oF selected alternator and generator technologies is 
Smawr in tidure A.2-S. im this comparison, the Aan alternatar 
chandidate 1s a gtandarcd aircraft desiqn with an operabinag treque- 
mzy ar 400 He. 


The present status of candidate power semiconductors is shown in 
Fiquire As d-Sae AS expected, the semiconductor industry continues 


A-2 


ere 


to work on improvements to increase the voltage and currant 
capability and reduce the turn-an/turnmc-ort tine. No gage + 
technology break-through ’s are presently foreseen im this area 
which would produce a radical improvement for use in high power 
derive systems. 


Came 


toe 
bet 


ft is unfortunate that the majority of hidh power semiconductor 
reasearch is being done outside the United states. 


Fiqure A.#-7 documents the trend in magnetic materials Uuseot in 
Ns inarnant Magnet MALIWS . Win tie pikracgueckian cst 
Neadymium/Ilron/Boron, an alternative is mot available to repiace, 
Smarium-Cobalk maanets for high energy density appoiications. 
Neodymium/Iron/Boron will continua to be improved and snould oe 
seen iin products within the mext 3 to 3 years. The use of this 
new material should yield a Significant weight reduction ana 
associated cost reduction in motors and generators. 


ELECTRIC MOTOR FAMILY 
a Te 


POL YPHASE SINGLE -PHASE | aca SPLIT FIELD 


wouND SQUIRREL PERMANENT 
CAPACITOR PERMANENT Two CONVENTIONAL BASKET 
START SPLIT capaciton | | CAPACITOR CONSTRUCTION WEAVE 
SINGLE, 
POLYPHASE eee . 
ColL TORQUER 
WOUND PERMANENT : MULTIPLE SPEED 
ha poi RELUCTAWCE nvSTERESIS | | MULTITLE Sheed 
SYNCHRONOUS | VARIABLE BRUSHLESS 
PHASE-LOCKED LOOP STEPPERS FREQUENCY | OC MOTOR 
SMAL’ ANBLE RELUCTANCE SYNCHRONOUS INDUCTION 
MASNET 
PERMANENT WOUND PERMANENT INVERTER ELECTRONIC 
RELUCTANCE ROTOR MAGNET COMMUNICATION 
STATOR CONTROL ROTOR CONTROL 


Figure A.2-1 Electric Motor Technology Tree 
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DATA GENERATION REPORTS 
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Hei Analytical Methods Used For Performance Analysis 


Wu Per raormance analysis used validated camputer bCrograns «co 
avaluate all significant factors when preparing oerformance 
predictions. Existing programs were adapted to meat tre specific 
ANGALYS1S requirements of this project. Thes@® @xietbiriqd osragreans 
Were Dhaged on the principles af SAE recommended practice JS, 
WEEN appropriate modifications for tracked Yenaciaes, tyes 
resulting programs produced the following specitied data: 


Lk. Tractive effort ve. soeedc 

ae Mcceleration 

» Startability on grades 

4, Plaximum speed on grades 

oe Minimum burn radius vs. spect 


The prograns wees int agrated aon 4A cCanservation of energy 


iced (input HP - Logs HE) ® (Drive efficiency) = Fower outout 


The input horsepower is the angine horsepower at its operating 
speed less the appropriate deductions for altitude, Lemper ature, 
air Cleaner, muffler and grills. The lass horsepower includes 
such items as cooling fan, auxiliary generator, hydraulic pumps 
and Similar parasitic loads. The drive efficiency is measured 
from engine flywheel to sprocket to nae @. 4asgoeas added losses 
due to speed un transter cases to drive high speed generators or 
high ratio final drives to match high Bere motors, Phe Gc ayeere 
Gutpuh to rolling resistance, windage (air resistance), grade 
resistance and turning lasses. 


The power budget for the input horsepower is as follows: 
Low Mated engine horsenower mH 

fia Canditions (standard) come Se © 
ote Aire cleaner & mf 4 lee a Sal 


Ne 2M DUn NOP Sepwer mee ee eee eee ee ee SEL 
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The power budget for parasitic losses if a 


1. Net input harsepower 2 oe 
2, Fan (sized for ballistic grills: ELE ag et 
3. AlxXLlliary generator see ea 
4, Hydraulic pump Bs aaa 

Net input morsepower acy, O 
The deive efficiency is determined as follows: ‘ 


Ll. Generator (or alternator) efficiency is @stimated from data 
for similar items and from manufacturer's estimates. Since these 
ei¢iciencies are essentially constant at ioads over £ox af 
rating, and the analysis is for full power, a fixed @friciency 
Value is used for all calculations for any given generator tyne, 


7. Fower conditioning and control equipment, like the generator , 
have essentially constant efficiency under normal loads and ara 
theretore also held at a fixed vaiue that is based on Gata for 
Similar items and on manufacturer's estimates. 


=. Motor efficiencies under narmal ia 


. dS are primariiy a function 
of armature speed CREM) s Cur ve its have been made with 
correlation coefficients of at least 0.99 and the resulting 
equations are used to calculate the efficiency of each motor at 
each operating point of every operating conditican., This detaiied 
approach becomes particularly significant in turns, when each 
motor has its own individual efficiency at each operating ooint. 
Rafer to Section $.1.4.6, Fiqure 5.1.4.4-8 for an e@xanpie or the 
differentiations between systems that resuit fram this pr 
analysis. 


SCL sae 


ae eoee 


4, Fower output must equal the sum rolling resistance, wind 


ee eee ae www pas mp ye ome a ans a * ves che ps 208 So Sok. pO et geen ae acee chee nnn nee seo] ot vane =fee sue, oboe eae 
resistance, grade resistance and turn losses 0 steady share 


operatian can exist. These values are determined as rollcws: 


Oo Rolling resistance: 


a as eee os tag poe og eee afer one pee ween pen wa, gore jeer, yes see cae +f 20, ee as eat RE i, = PPPaIn We Mette, ae ctiel pistes Cad ip a pean ea 
Rolling resistance has been based On & VALUG Gr LOU Pounce pee 


ton, which has been found ta be a reasanable walue tor tracked 


vehicles an smooth, hard sSurtaces. 


(Vif SOOO ® Cr 


rn" 
i, 
Beeat 
a 
AS 
Al 

1 

! 


mM = Rolling resistance im pounds 
3VW = Gross velicie weight 
Cr = Rolling resistance coerticirent 
( 160 pounds per ton for this study? 
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oO Wind resistances: 


Wind resistance has been based on the soe 


me 


os i 


anti (Cd) of 1.90, vehic 
1/39) far standard 
Br.~~Ing. Sighard 


draq coaerfici 
coefficient of 
Dynamic Drag, 


These values are used as follows: 


Ar * Ud x 


Cl Rw ss CPR bf 
Wheres 
Af = Frontal area in sauare 
Ld = Drag coefficient (astim 


MPH Vehicle 


Speed, 
Grade resistance: 


calculated 
aBIUAt ion used 


; Ss 


he 


Grade “asi istance 
=Insiderations. 


7 


C4] Rg = GVW * Sin (Atm ¢ GR ¥ ic 
Whi earn @ 2 . 
RQ = Grade resistance in pou 


= Geass vehicle weianht i 


Grade in per cent: 
Turning losses: 

ey a ae loeees consist of 
tracks around a turn and 
ncies in the regeneration system. 
horsepower and regenerative horsepower 
methods pe es by Merritt and upda 
Report Lovés9, "Investigqatian of the Fac 
ead Venieics®. AS the method 

repork 1s recamnended for those w 
ytical method. The "Serub Horsepo 
lass. Tie cegdeneratian 


Owe a as 


reqanaratian 


re] 


c 


bn 
- 


Le 


Ls es 
mal 


LOSS 1S + 


See eel ation efficiency fram motor 


ons 
= 


FR" 
wie ae 


Lice 


FLCLency AS i Hescrided 
ners SP ewer is then muiti 
hieancy Eo determine the losses 
beer 2 

iO} EE aR 


sce have 
BPeacrPfic 


analytical meki 
ta salve oo. 


41. 


above 
Rice ans 
4: 


i 
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condi tions 
Moermnmer) . 


These 


i, age 


: 
in 


orca 
Mer , 


CPF, 


ified 
ee 


Le and 


Fou 


cf 


wt 
ek 


ated at 


Miles per hour 


tiie WaieLe Geonetric 


nas 
Mm pounds 


omer seen 


Loatecd Gn scruboing the 


Ln@r ri Ci ee 


et” 


ted in i echrd cad 
tors involved in Steering 


LS comolex, rererence to 
no Welle the details of the 
Wer” iS applied directiy 


Gund by first determining 
SOeeC anc montrod le 


drive efficiency. The 
ed By the reqeneratian 


sn regeneration. 


mteqrated nha &a series 
ting conmditians such as 


tractive earfort ws. Speee ao@ed vee Lime, peed ve. digthancre. 
Mak LMU speed ws. CU aches and minim turning radius ve. SG 
- Gach case the Sone ees or the calculation meressitates an 


bLarahive solut 
gS Co ese 


aif” & 


Ors 
halance 1s re 
met, The 


Tie appropriate var 
ached amd the recqui 
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above 
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Values Poor 
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Yr eMeri Ls 
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particular aperating point are then Geinnied 


Contract. 
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Tables 
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ta Table Description 

Les in Appendix & provide detailed cquantific 

disctissed in the report and the power train i 

ata required by the contract. The 
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Pertarmance analysis data used in this reoort. 

are organized to facilitate comarative analysis ov 

by type of performance, and presenting data for all of 
ous vehicle and drive types within that qreoun. The cata : 


CLI aT ees 


Sop eee cl qrade and tractive effort 


VS 
Aacoelerakian 


Sprocket and motor speeds and loads for maximum turn 
Condition 


Gear speeds and loads at maximum turn condition 


ear epeeds and loads at maximum tractive eaftort 


{5 
condition 


these groups are performance results for the FOL GWG 


and drive types: 


oo fee 


ton, Contiquratian I, induction motor drive 


Configuration Al induction mokor systam 


or ot 


tne sae 


tan, Caonriqueration 


induction motor dea 


=? 


‘“f od 


ce 3 


as i: 
es 


4$O ton, 


Ssysten 


ConrFiquratioan 1, 


40 torn, AM anmduction motor drive 


Baystemn 


Contiquration if, 


4O ton, Configuration I, DC hoamooolar 


+6 a ae Boe Gia? VW segue Se ds ee Pa eee Se fae) Piees ste eran ae “s ng oboe, AE jeoee'a oe Gece are 
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trom the above listinas. AS €7 @xXamnple, acceleration 
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The results 
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sp@ecds A value of 
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yet conservati 


Value 
MOG a 


Rolling resistance: Fi 
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EnQIne qross horsepower s 
been used for the Ll?.5 and 4 
as directed by tine cantract. 


3s horsepower: Valu 
the 19.5 and 40 
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Engine Los 
st -or 
See Section Aer. 
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Bae Za 


The 


4 Acceleratian Tables 


tollawing ta as pravide acceleration data ey ig: oF 


time, tractive effort, speed, distance and sprocker me Pl, bee eciuun 


and 


hor senower . pees tables are divided into three eee 


Gansieting of the Title Heading, Gata Input and Results, Tne 


Viv 


& heading provides in addition to the subject, CP Steen. atiy 


data of program author, operator, purpose, revision date and run 
date. 


rer. 
pI A 


di, 


oy, 
ten 
“we! of 


=o 
a 
a. B 
ws 
"t 
“41 8 


Date input section inputs ceneral weer dim | & descr_,poci on 
meters Glus operational assumptions such as: 

Loeatficient of drag: a value of 1.60 nas been used as a 
reasoneble, yet conservative value thraughaut this study. 
This coO@¢ficient ais multiplied by the frontal area and the 
velocity head to provide air resistance. 


Railing resistance: a value of 160 pounds per ton Mas heer 
“used to represent operation on a smooth, hard surtace., This 
Value is multiplied by the oross vehicle Weliqrk im tons toa 
obtain vehicle rolling resistance. 


Coetficient af frictions: a Value of O47 has been used to 

reoresent the contact between the qrack and cthe roadway. 
This is used to limit the maximum posSible acceleratian to 
tne value that the selected adhesive condition will allow. 


Mass increment for rotations Thig value has been calculated 
from the motor and gear train data. lh iS input as a 
fraction of the translational mags of the vehicle, In the 
calculations, the translational mass of the vehicie is 
increased by this amaunt to correct for the rotational 
inertia oft the system. 

ade, A: This vaiue is determined by the operating 
Situation. Magt calculations have used level (0%), bub i 
wag aleoa usec toa cantirm starting performance on a &o% grade. 


rT 


rasults section provides the following acceleration datas: 
Time (seconde): This is cumulative time from the start of the 
meee As directed by the contract, no allowance is made ¢or 
throttle response time, 

Nek tractive effort Coouneds) s This shows thea tractive effort 
available at the corresponding time. Tho can be etrbher nower 
ar adhesian linited. 


ao eec CPI H Ds Mis ta Che instantaneous soeed at the given 


Distance ife@eetis i168 16 the cumulative cliistance from the 
shart of the run. 
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Sapo CH 
cadcud 
drive 


et REM, LEFT, and HF: These data can 


ate aene@eds, torque 


brain components. 


Ss and Powers required 
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S.2vl Maximum Turn Conditions 


The fGllawing tables provide drivetrain dat for a vehicle in a 


turn. These tables are divided into thres sectians consisting of 
Yitie Heading, Data Inout and Results. The Titie Heacine 


Bravider: Lm addition to the title, traceability dara of program 


authors, revigion data anc run date. 


he data input section 16 generally similar to the previcgus 
sections except that an input titled "Maxinumn Acceleration” ha 
been added. THiS imput is the maximum lateral acceleratian that 
tne venicle is to develop in a turn. For tiie study, & value of 
9.5 has heen uged as representative of agqgressi 


reckleas driving. 
The Results section provides the following datas 
Ll. Vehicle speed in 1.5 MPH increments to 45 MEH, 


oe Lateral acceleration in G's, limited either by available 
power of by the selected maximum. 
os TUM radius in feet measured tao the canterline of tie 


Vehicle, 


4, Data for inner and outer sprockets is presented in four 
calumns e@ach as follows: 


a. Apparent horsepower is the combined power at the 
sprockenr and ais the value that would be determines 
Dy USE OF a torque meter and REM counter. 


» FrOpUlsian horsepower is the fraction of the apparent 


power that 18 used to propel the vehicle. 


Ce. Spracket REM with a negative sign indicates reverse 
rotation. 


gd. Sprocket torque with a negative sian indicates a 
retarding rather than deiving torque. 


we Dro horsepower is the power lose due to scrubbing the 
CPackSs around 8  hurn and power flow is always from the 
vehicle to the tracks. 

&. [ransrer norsepower is the regenerated oower thah enters the 
Mmner sorocker, iS transterred by the drive train to the 


Outer Sorockeh. 
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B.2.0 Gear Sogeds And Loads at Maximum Turn Conditions 

The following tables provide the torque and Sp@ed Gata ror Ald 
qears during maximun turn conditions. These tables are divided 
inta the same three divisions as the previous tables. Tire Title 


Heacding and the inputs are the sane as the previcus sacrhion, pre 
t 


data format facilitates analvsis by placing #peecda and torques oo 


each camoanent in adjacent positions. 


The #irst row of the results sectian lists the components my name 
cor y identification letter shown on the gear cantiduratioan 
diaqrans. The next seament derines the data aArrancdemment 4 
typically REM above ai dotted line and torgue In pound-teat 
L 
t 


immediately belaw. The data output i6 immediately Geicw, with 
harizontal dotted lines for @ach 21.5 WMRH increment, arid 
corresponding and speeds and torques above and below the dotted 
line. 
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a Regeneration In steering 


The effects of reqeneration @fficiency on steering Pperrorwnianc 


were studied to quantify siqnificance an this tactar, oe 
following curves illustrate the results of this @tucy. THe aS ores 


LOM VENLCiG parameters were wsed. The propulsive @rricienay OF 


<t 
the drive wae based on the homopolar system, which le anniv 
ee ee Rae ee eae sad eee Mate Nae i a clade eis ie exes - 2 ae Aa oi as seksi ae a, aes ce oe eS re: See 
siightly dower than the induction motor ystems, Reena r at Liar 


ett iciency was varied ag noted to determine the etre@ats. 


Ae og nee TC "P on ta ee Fo Rae ee ee ee oa soi eg coat ence tate “lasglitbing: sen < ieeke ge 
L. Figure &.3-1l:s These curves show that regeneration 
afficiencies of 60% or better will provide the Same Mini mum 


turn radi lis. 


S. Figure B32: These curves show that reqeneratian 
afficiencies of 60% or better will orovide the 9.5 6. Lateral 
acaeleration that is desirable for evasive maneuvers. 

&. Figuea 8.33: These curves show that power requirements in 
turns decreases with improved regeneration efriciency, which 
Willi reduce fuel consumption. 

4, Figure 6.34: These curves show that improved regeneration 
efficiency increases outer sprocket maximum loads, 
potentially increasing the required Size of motors ana 
related gearing. 


S, Figure B,3-S: These curves show that reqeneratian horsepower 
is comstant with reqeneration efficiencies of 6O”A or greater 


& Figure B.3-4: These curves show regeneration e@triciency 
indirectly changes scrub horsepower due to wore ecrubbing in 
the sharper turn. 

f« PLUS ees s These curves show the ettect of sharper tirns 
on regenerated horsepower at FOX regeneratian erticiency and 
that the resulting higher powers lmpose greater Loads oon 
avatean campanants., 


The conclusion from the data provided by these curves was that 
reqeneratian efficiencies af 60% or better would pricy. cle 
Satieaftactory pertrormance. Since aid recommended drives oroviced 


the desired level of regeneration efficiency, this characteristic 
aici not become a factor for discriminating between ba 


lew ign 0h aoe tees “Weciea = 
Ppp Val 1 TaLis 
With wt 63 a 
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B.4 Impact Of Grades On Motor Laads While Steering 


Data for turns on grades was evaluated and found to produce mign 
momentary loads that are within the thermal Limits of the drive 
components. Two curve pn were praduced toa investiqatea 
alternate operational assumpt 
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inyf 


Set (Fiqure &.4-1) are titled "“brade vs. Piax Lawn 


wet eee g . = 
* er 1 


| ro& REM". These curves olot the speeds andi loads far 
the highest horsepowers and REM that are theoreticaily possinie. 
The power inputs fram the graund (iridicated as No SRN OWeErs Decane 
very high under certain canditions. The implied operation that 
oroaduced these results cover some areas that Are unrealistic 
combinations of speed. grade and turn radius. It 16 Considered 
unlikely that a driver will make the sharpest possible turn, at 
Maximum speed an the steepest downgrade. 


The second set of curves (Figure &.4-2) titled "Grade vs. Max min 
Soracket HF & RPM (LTD)" represent a more limited Ser ab iaiad 
Bemiveloane. Downhill speeds are Limited ta the speads that the 
vehicle can achieve on upgrades. These Curves are considered 
representative of a prudent driver under normal aperating 
caomditions. 


All points on the "LTD" curve are easily within the momentary 
overload capacity of the drives, which is considered reasonable 
for turning requirements. Downgrades steeper than 404, impose 
excessive dloads at maximum 45 MEH speed, but operation at ¢ 

combination of grade and speed is considered unrealistic. it We 
therefore concluded that normal turns on grades could pre 
peculiar load problems for the recommended Glectric drive 
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HS Downhill Steering Limit 

Limited available power while coasting downhili can limit 
steering control. When operating on moderate downgrades, tne 
engine cam at times be operating near idle conditian. Sheri ma 
reactions can then be Limited by power availlable. THis -canat ion 
is @ncountered with mechanically driven tracked vehicles and it 
is necessary for the drive to give the engine aAdgeqa throttie ta 
gsbhtain normal steering response. Simcee wt is instinctive ta turn 
and apply berakes to avoid an obatacle, special driver training 
requirec to assure proper respanse. The results of the studies 
an this subject are shown on the following curves and tneir data 
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1. Figure B.S-1: These curves show a typical power distribution 
for maximum turn going down & moderate grade. 

au FLOUre “Haas: These curves replot the same data as Figure 
B.5-1l, but a summation curve “Engine + Both &Sprocketea” 18 
ShOWMN « At points near SO MFH the net power barely covers 
aystem Losses. 

oe Fiqure B.S-Ss These curves shaw that below 2O MEH decreased 

neat eandine power degrades steering ability. 


4, Figure B.S-4 and &.S-S: These curves plot the same data with 
different scales for better legibility. They show that 


steering ability is limited up to £5 MFH. 


ration analysis was made for the 60% grade starts and the 
“6 BOW Ui Figures S.2.G.4-1, These Curves  & 
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Ba & 4-C Induction fiotor Drive System Electrical states 


& detailed analysis of the oceprating states OF ali Components was 
made to assure that all components were operating within nmoarmad 
rated Limits. The results are dqiven in the following tables: 

Le 19.5 Ton, Configuration TIT 

Zz. 19.5 Ton, Configuration IT 
SB. 40,0 Ton, Configuration tf 
4, 40,0 Ton, Contiquration Ii 


The voltage, current and frequencies values Nave been given va. 
vebicle speed to illustrate the operational characteristics. 
These tables confirmed that there were no peculiar oaperating 
points to cause failure of the camponents. 
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INDUCTION MOTOR CONFIGURATION | , GVW= ]9,5, ELECTRICAL STATE DATA 


(DURING MAXIMUM TRACTIVE EFFORT CONDITION) 


SPEED ALTERNATOR BRIDGES (EACH) MOTORS(EACH) 
MPH EXCITER OUTPUT INPUT INPUT 


sh) a na ly he ed al oe Ree ad Sis at of ba se ve idl alg 


1.5 Q2 (1253) /7 
3.0 ‘| oa “62! 120 j}09@ 33 
4.5 fs 562) 142/424) SO 
6.0 -j 6 1263) 16] 817/67 
7.5 | 264, 174 738 B% 
a i265) bas | 68 loo 
10.5 a: 2 7°#268) 2101639) 117 
12.0 | : - i / 224 (600; 134 
13.5 eee 2.37 566) /S0 
15.0 | 249 539 166 
16.5 ! 26 Sis | 183 
18.0 271 |495|200 
19.5 | 282 14761216 
i ae | ao 2 asa 233 
22.5 : | 303 442/250 
24.0 | | - 314 142% 266 
25.5 | - : 32% 41s 2.83 
27.0 | | | 382 404/300 
oe | | . 1 393 317 
30.0 | | | | 1383 | 38s 
31.5 Bote ae Yo 7 eng 373 | 250 
33.0 | | i | a 367 1365) (367 
34.5 | | | | 376 1387) 384 
36.0 | | | ee 384 344/400. | 
37.5 | : eee 1a 292 1342 a47 
39.0 | | | : ADO Bias 
40.5 | | |], 08 13291450 
42.0 | : eee: B22 466 
43.5 | | | | | 4 BIC 148% 
45.0 ! 515 1536500 £10 268: 432 3101500 
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@ INDUCTION MOTOR CONFIGURATION / , GVW= 40], ELECTRICAL STATE DATA 


© j@ @ @ @ @ @ @B  @ rr ee | 
OM Oo WW Ou OW O'iu OW oO UU Oju oWwMW OW oOoM O'uNowWowNno iw 


ALTERNATOR 


OUTPUT 
nl Dak nals epee 


: _ (DURING MAXIMUM TRACTIVE EFFORT CONDITION) 


BRIDGES (EACH) MOTORSCEACH) 


INPUT 
ial iad it § at 


412 1148 25° 408 S74 


INPUT 
sal il ae Ha i et 


44 147 12 
ZIT 1266 27 


566 107) 40 
296 146. S3 


eye 
1364 Se8 681 
14-00 FOO 
1342, 699 
1414 70% 
412 1420 408 7/0 
616 942 ( 612 47) 
— 
= OIG 942. 167 2°47). 
71S BOB 714404 
| : 
__... 118 BO& 714 404+ 
B20 768 Blb 254 
ho a 
! | | 
| 
f | 
i | 
P| 
| | 
220 708 Gos B/6 354 
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227 836 67 
457 78% 86 
DBS: 7138 43 
409 692 106 
423 6S4 126 
455 622 /33 
476 S15 146 
496 57) 160 
Sl€é SHA 173 
535524 186 
S56 S10 2060 
573 494 21% 
S70 480227 
608 +66 240 
625453 253 
£4244) 267 
65743] 270 
673 A421 298 


6864 411 304 
703 409320 


FIA 344 SB? 
734386 244 
747 374 260 
762 372 372 
776 365 2.86 
741358 400 


INDUCTION MOTOR CONFIGURATIONJ] , GvW=/]9.5, ELECTRICAL STATE DATA ] 


(DURING MAXIMUM TRACTIVE EFFORT CONDITION) 
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SPEED ALTERNATOR BRIDGEX ¢2acH> MOTORECEACH: 
MPH EXCITER OUTPUT INPUT INPUT 
NEM ONT up ape ompa ape age NEM ony ope 
1.5 | 169 1253250 /66 1283 160 1253/7 
3.0 L244 350 246 | Z40 : JO42 So 
4.50 241. 500 286 284.924 50 
6.0 279: 326 322 S817 67 
7.5 265 362 358 738 82 
9.0 297 394 340 68} /00 
are. 427 424 420 639 //17 
12.0 ASS «452 448 GOD 13% 
13.5 48! 478 A774 566 ISO 
15.0 505 S02 498 539 166 
a e., S29 526 2515: 162 
18.0 268 265 261.1030 ZOO 
19.5 240 287 26> 750 2/6 
21.0 3!) 208 S07 Gel 72>? 
2205 33s B30 326 824250 
24.0 335 | 352 >48.772 266 
25.5 $76 | | 373 269 727 23 
27-0 378 | 395 391 684 300 
28.5 420 | gy 413 650 317 
30.0 447 | 4.39 435 618 23% 
S15 4£2 440 456 588 350 
33.0 485 487. 478 S61 367 
34.5 Zo 564 50d S37 3284 
eons, S21 : S26 S22 S15 400 
37.5 S550 | 547 S45 494 417 
39.0 S72 SO" 565 475 433 
40.5 594+ | S4 | Se7457 &S0 
42.0 616 | 613 EO 44\ 466 © 
43.5 657. GET 630426 48> 
45.0 657412 500 ¢sg a7 652 41% S00 


INDUCTION MOTOR CONFIGURATIONZ, , GvW= 40], ELECTRICAL STATE DATA 


(DURING MAXIMUM TRACTIVE EFFORT CONDITION) 


t 

. ~ 
. 

1 * 

« 


SPEED ALTERNATOR BRIDGES 

MPH EXCITER OUTPUT INPUT 

2) a A 

1.5 205 141} 250 soz 147] 

3.0 441; 350 438 

4.5 517 | 506 S!4 

6.0 S7F | | S46 

7.5 66] | 658 

9.0 721° 218 
10.5 ge 71% 
1200 j\j0 4) Al2 
13.5 +10 +07 
15.0 4-67. a cy, 
16.5 48% | 480 
18.0 SO3 S00 
19.5 523 S20 
21.0 S42 | 520 
Sete $65 | S80. 
24.0 GOO S77 
2535 597 S%- 
27.0 615 G12 
28.5 632 624 

30.0 E649 644 

31.5 6 64 | 666] 
33.0 670 667 
34.5 | 646 623 
ae FIO 70} 
37.5 P26 f2> 
39.0 740° 737 
40.5 7 S4 75! 
42.0 767 | 766 
43.5 783 | 760 
A220 778 258500 795 358 
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MOTORS 
INPUT 
eo 
24981411 73 
4341266: 27 
510 167) +0 
S97. AK 53 
654 8S6 67 
7/4 7849 80 
770 138 13 
4-09 1384 /O6 
A2% 1208 /20 
455 ] 24% 122 
476 1190 144 
A4G 1]42 1/60 
516/098 173 
535 105% /84 
556/02020060 
57% 488 2/5 
S40 966 227 
608 2732 240 
625 906 2353 
642 B82 267 
657 862 270 
673 8&2 293 
68% 6272 306 
703 BO& 220 
“219 788 333 
724 772 34L 
747758 360 
762 7442373 
79% 730 386 
741 %S5B 400 


te 


B.f Homapolar Motor Drive System Electrical States 


a 


A detailed analysis of the aperating states of all component 
made to assure that they were operating within normal rated 
limits. The results are cqiven in the ¢ Le 
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rel “tere SY 
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fen 
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Liaw  Ony GOUT guration 4 


se 40.2.0 Ton, Configuration I 


Mhe voltage and current values have been given tabulated ve, 
vehicle speed to illustrate the operational charamreristics. 
these tables confirmed that there were mo peculiar Per aking 


points to cause failure of the componente. 
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Appendix E Electric Vehicle Ferformance Simulation 


E.ado Major Frogqram Capabilities 


miectricaliy driven, tracked vehicle-performance is fee Lay 
Lhis 8Oftware package. raraheters which may be investigated 
include detailed @lectrical system performance, Wiehiele track 
dynamics, eystem losses and efficiency, Incerenentai and averace 
gross vehicle dynamics, and fuel econamy. Tere are tone 
ee Wee WiC have been created to speci: ae 

If UCNGSS arsas im detail. A beiet description of each is givan 
Sean: 


Fh 


eiwzi Constituent Subprogramns 


GO Electric Drive Ferformance - Steady-state vehicle powertrain 
ANALYSIS WLEN detailed empnasis on electric (CRC ea Greive 
Daraneters. Electric motor voltages, Currents. qaneratec DONE 
and alternator/generator outouk ara eahenleeed: along with 
usage, Heat rejection, and fuel use impact. 


oO Vehicle Acceleration Ferformance - Analysis of dynamic 
Venlcle perrarmance which realistically similates the qrass 
YeMnicle mission over the Lerrain conditions. FAC CL eS, 
deceleration, braking, and constant velocity conditions are 
lonsidered. 


Oo Acceleration Dynamics Routine ~ Detailed analysis of full 
power acceleration during turning and noanturning maneuvers on 
user detingd grades and surfaces. incremental dynamic parameters 
are generated and tabulated. 


iT 


G Reduction DYNAM aS ROLE Line ~ Dekada ld ec aMai vols ma 
sapeed/tarque toacding of all vehicle pcwiaic train reduction 


thee 


Glenents, Final sprocket cdrives and prime mover intervace 
reductions are included in the analysis. 


UF four subprograms provided, the first two are perhaps the most 
useful for the consideration of the vehicles electric derive ane 
the impact that it Nas on the -coverail VeEMLCle mission. Tire 
latter two routines are best utilized for detailed LnYeSstliqathion 
ar those processes which heip to make up the overall WLSslOm, Hut 
are nob the carameters of magor interest <¢rom «4 MLSsian 
VWIGHWOOLO . ror thie reagon all further discussion will focus on 
LG Pertarmanice suoorodrams. 


Hedes Performance Model Descriotian 


cach at the oerformance subproqrans outlined above rely oon oan 
iterative @nmeraqy balance technique to yield each BlLeady-sriate 
operating point of the vehicle. The basic algorithm for this 


preer 


strategy 18 shown in Figure E,1i.3—1. Test track parameters and 
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WLEN vehicle, engine, and electric drive data which are ote cent 
within the progran’s data files. he vehicle dynatwics are then 


pertormance requirements are defined and input by the user. alone 


ealculated utilizing a Merrith’s track model which considers the 


~ 


track dynamics based on empirical data. is Cerieritiuaad 


accelerakion calculation is then performed to detarnine if any 
Set. aCCe.eratian Limit 4s exceeded, SOLE A Ces Sea eb 


restrictions ar vehicle track slip (Surface coefficient or 
fractian). It exceeded, the vehicle velocity is reduced and the 
PI Ocess iterates until the acceleration falls within thea selecteri 
coundsS . The sprocket loade which have been calculated are usec 
ta determine what the electrical requirements are for Bac af bP 
spracket motors. This data i8 reflected back throumh the 
electrical system, ultimately to the prime mover, where the gross 
Vehicle horsepower demand is calculated. At tnis ooint the 
eneray balance is tasted, [ft the fixed maximum ouboubk power of 
the prime mover is adequate for the oresent demand, the resultant 
system heat rejectian and fuel consumption are ee LEC i+ 
the system demands exceed the capabilities of the endings thie 
vehicle load is reduced by Lowering the velocity until an Baer 
balance 165 achieved. When this has been accomplished, either the 
calculated data is output to the user, as in the Electric Drive 
Performance SUBProgram , or at 1s further utilized in an 
acce@lerakian oe daceleratian roubine 

Accéleration Ferformance subproqdramn. 


AS i thie Vehicle 


Eee Frogram Options Available 


The following six basic cateqories represent the various  onotione 
which are available to the user from the program cata files 
Certain ar the parameters must be defined by the user, Such as 
the pertormance limitations which are addressed below. 


ee oa | Test Courses 


There are four resident test courses provided within the software 
packade. Each is broaken down into sagments of defined length, 
qrade, and turn radius. 


O MERADCOM Test Course - This course comsists of aA well 
datinegd track which is located in the Aberdeen Proving Ground, 
Maryviand, Sixteen seqments make up the track, which has a total 


eles Pe a or: a a 
ae? Poot Lait PEP RE i tt aoa Tlie, 


GO Speed on blope - A track consisting of thirteen seqments of 

araoitrary hangth €10G0G Ft) was fabricated to aid in tine 
derivation of the contractually required apeed on slope curve, 
Grades i rrom +40 percent toa -50 percent are orevidad with 
interwediate grade points selected every S percent. 


G ractive Ertork vs. speed ~ TALS test track is set up with 
is 


i 
grade values which yield a relatively uniform distribution of 
tractive @tfort values (TE) when plotted aqains: speed. 
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o Churchville Test Course - This test course is tne most 
rigorous and camplex provided in the software package. Machi y 
detailed topographical maps of the Churchville area (part or 
Sberdean Froving Grounds) were used extensively in the derinitian 
of this track, which is comprised of Ss he at Sheeo Grades, 
sharo curves, and shart seqments Serve LO Make this A very 
Gamanding and useful evaluator of vehicle pertormance, Tie 
course, which is 3.335 miles in a a SHOWN im topographic 


Po 


form in figure E.S.i-1, and in @levation in Figure E.ad.t-e. 


E.S.2 Course Surface 


To provide greater flexibility in the number of options avallabie 
to the user, the surface coefficient of friction (AM) 15 selected 
apart from the physical dimensions Gof Gach Course, Tnase 
available are given bellows 


ao Concrete/Asphalt, AQ = 0.00 (CMERADCIM) 
o Compacted Soil, AA = 0.70 Chuechviiles 
Oo Loose Sand, A = 0,35 

o Rocky Terrain, A = G.45 


o User Defined 


E.2¢.2 Vehicle/Engines 


Both the 19.5 and 40,0 ton TACOM specified tracked vehicles are 
resident within the software package, as weli as -Eh@ speciried 
BnigqQi nes (Cummins YVTA-9OSR for the 19.5 tom, and tne@ AK1LOOO for 
the 40,0 tar). The option is also given to the user to Gerine 
tne parameters of their awn tracked vehicle. 


~eee 4 06 6oEnqing Scheduling 


Both constant and variable diesel engine scheduling i168 availabie 
fe the user to aid the determination af which tS more Tiel 
erficient. Each ce ewe ee Utilizes fue] comsumotion curves tar 
the VWTA-YOr, amd the Al-LoOodo., With conmstank scmeduling, - Lic] 
consumption is based on a re@iationshin which 18 only dependent on 
demanded HF, wheeeas with variable scheduling, the demanded hr 
defines the engine soeed which then yields the appropriate +riuei 
COM Ssunpt ion. 


ro 


Eee Ele@ctric Drive Type 


The are Sight electric drive types which are resident within the 
aofiware package. The eantire electric propulsian system 15 
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See in ee ere ee 


~ jem a, 


vi-t1-o@ 


Oov.! OOS 


oo0cot 


WSOHAAVEL 38IM¥9019-YSLNNOD 
(1394) JONVLBIO 3BHNOD 


MIA NONWAR 13 
ASHNOD LSAL ATIAHOYNHD 
SONNOUD ONIAOUd NAAGYAaV 


@. 


00S vi 


OOS4 


zy te | 


defined for each 
O Homopolar, Generator Driven (parallel/series systems) 
Oo Homoapolar, Alternator Driven (parallel /series systens: 


QO brughiess DU, Alternator Oriven (low aneed-high torquernigh 
speed—-low torque) 


GO RHiqn Frequency Induction, Alternator Driven 


Oo Comnmucated DC, Alternator Driven 


bE.ee dS Ferformance Limitatioan 


several ainputs not available for the internal data files are 
required af the user. These includes 


Oo Maximum (final) Forward Velocity 
Oo Maximum Forward Acceleration 
Ci Maxitiun Deceleratican 


QO Maximum Lateral Acceleration 


~~ 


E.eo Vehicle Mission Simulation and Analysis 
E.3.10 Electric Drive Ferformance 


The enphasis af this subprogram is the steady state analysis af 
electrically driven vehicles on a segment by segment basis as the 
vehicle man@uvers over a Given course, Lk 8 Best suited for 
analysia oft steady state Slectric drive mission osrformance, 
particularily af the course of the mission is relatively uniform, 
and the segments of Bach course segment are lengthy in comparison 
to the time it takes tne vehicle to traverse them. Betai lec 
spracket data (see Figure E.4-2) for each track is available to 
the user, as well as the equivalent sprocket motor dynamics. 
Mater and system electrical data is also qdenerated, including 
VOltages, currents, and power, including the net power which must 
De supplied Car absorbed: to both sprocket motors fram the bus. 
These parameters aid in the evaluation of the system oneration 
ur bing hurns and ragenerative conditions, and allow Lies 
magnitudes and directions af system eneray flow to be easilv 
mani tared., Net drive efficiency along with generated and Lost 
enercy are also provided to determine if overail my So 
perrormance iS within acceptable Limits. THES  enerqied  -; 
rerlected in terme of required prime mover power and the 
resulbant fuel consumotion. ror further Wission analysic,  F 
economy 16 calculated, and a range estimate based orn a specified 
Vehicle fuel tank volume is made, 


“~, 


ity 
Lent to mr, 
j 2: 
ae soe 
i 


oneen eres on 


eo. ef Vehicle Acceleration Fertformance 


For any vehicle mission, this subprogram provides tne user with 
the most realistic assessment of vehicle pertormance over any 
course caonmditians. All vehicle transitory states (L.G., 

aCCElerat1an, daceleration, braking) between constant veiaucity 
conditions are considered in order ta yield smooth venricie motion 
bhrougnout the cauree. The subprogram is specitied far averall 
mission analysis rather than an @lectric drive Lonpoanentk 
avaluatioan. This is @vident in the printed aqutpuk page isee 
Figure EF.e4-3) which provides detailed acceleration /decaleraci 
information, bub no internal electric drive data. Toe comglete 
electric drive moadels are utilized for this a 
transitory mature of the vehicle drive during ¢ to periods 
makes it difficult to extract any meéaningrul gubput of the 
Slactrical parameters. 


rm 
ne @ test 


Gs with the Electric Drive Ferformance subprogram, power supplied 
by the prime moaver is determined along with the system energy 
woiech is generated and lost. Fuel camsunption data is presented 
as Well as the fuli fuel tank range estimate. Cumilative missian 
information is available for each seqnent af the courses, and can 
provide a useful means of e@valuating iinctreanental MLSASLON 
perrarmance 


mE.4 Frogram Outputs 


Examples of the information which each of the subprograms ouiputs 
to the user are given in Figures E.4—-2 ta £.4-5. Figure &.4-1 1 
the main program Neader sheet that i868 included with each run to 
soecify which subprogram 16 in use and which echoes ‘all tne data 
iat has been input by the user. 
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APENDIX F 


CONTRACT VEHICLE AND PROPULSION 
SYSTEM SPECIFICATIONS 
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ATTACHMENT ! 
SPECIFICATIONS 


1. General Vehide Specificati ms (Fig. 2» 


Frontal Ares 6.35 sq m (68.25 fr2) 
Gross Vehicle Weigtt 36.3 tr (80 ton) 
Vehicle T @ Speed (GC averned) 73 Km/h (85 mph) 


Track Length (foward toaft "8650 mm (183.07 in.) 
roacdwheed centeri ine) | 


Distance between track 2795 mm (109.86 in) 
longitudinal centerline) 


Track Width 385 mm (22.83 in.) 


2. Propuisicn System Specificat! ms: 


a Transmissio: (€lectric Drive System) 


The drive system shall provide aut anatic speed ration contrd and inhibitars to 
prevent engine overspeed. Maximum output tarque required shall be sufficient to 
generate a tractive efiat of $27,000 Newt ans, Reverse - $27,000 Newt as. There shal! 
be tactie feedback to the diver when the transmission is in forward aor reverse 
aperati cal mode. The power train shal! provide fo safe, predictable peri mance fa 
extended periods at speeds below 5 Krn/hr. 


b. Steer System: 


A regenerative speed contrd system is required Differential tarque between 
sides shal be equal to maximum steer tarque. Pivot steer capabiity on hard surface 
shall be 7 revautions/min. The steering contrds shall rernain operative in the event af 
engine fallure ar vehide towing. The steer system shall be capable of accepting full 


engine power. 
ce Cocting Capability: 
Capable af continuous tractive effart qeratio af at least 250,000 N. 


¢d. Braking: 


The vehicle shall be capahie of a deceeratim rate fram maximum speed mm 
level hard surface road at least 7 m/sec? (peak) and 5 m/sec? (avg.). The vehicle shall 
be capable of an ind uded had with engine off om af least a GO% ¢ we. The vehicle shal! 
be capable of at Jeast 25 stops fran 60 Km/hr @ 5 m/sec? @ 3 minute intervals. The 
braking functions shal] be accomplished by two separate mechanisms to al! ow 
redundance far emergency purp Ges. 
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ATTACHMENT 1 (Cont'd 


e. Electric/Hvdrauic Power Capability: 


Continua cperatio of al! vehicle electrical and hydraulic systems shal: be at 
least 7? Kw, to inciude sllent watch - the silent watch ls naon-moabile, with nase, light, 
and smc&e discipline. The above power requirement covers turret hydraulic, racio and 
other electrical needs, Canpartment ventZation and NBC countermeasure equipment. 
Electrical and hydraulic power sarces must be capable af qerating independently or in 
paralle! in a stable self regulating manner. Average auxiliary power usage is 3.5 Kw. 


f. Speed on Grade: 


The propuisio system shall be capable of sustaining faward vehides speeds 
on hard surface rosds and grades as defined in Figure °. 


g Acceeratior 
The vehide shal! be capahie of acceleratio on dry level surface fram ide, 
fran application of the thrattie, in the forward direction fram zero to 32.2 Km/jr (20 
mph) In seven seconds; and in reverse direction from zero to 16 Km/hr (10 mphi, in five 
seconds. Assume no "thrortie” linkage delay. 
h. Engine: See figures 4 and 5. 
i. Shock: 


The electric drive system must be able to withstand a 15-g shock ] auc in any 
direction. 
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ATTACHMENT 2 
SPECIFICATIONS 


I. General Vehicle Specifications (Fig. 3» 


Frontal Area $.3 sq m (57 £t2) 

Gress Vehicie Weight 17.6 ten (19.5 ten) 
Vehide T @ Speed (G werned) 73 Km/hr (&35 mph) 
Track Length (forward toaft 3310 mm (158.0 in) 


roaduheae centerline) 


Distance between track 2350 mm (92.52 in) 
Songitudinal centerline) 


Track Width &85 mm (17.52 in) 


vB Propulsim System Specificaticns: 


a. Transmissier (€lectrie Drive System) 


The drive system shall provide aut anatic speed ratio contrd and inhibitess to 
prevent engine overspeed. Maximum output torque required shall be sufficient to 
generate a tractive effat a 208,000 Newtms, Reverse - 208,000 Newtons. There shall 
be tactie feedback to the driver when the transmission is in forward a reverse 
operatimal mode. The power train shal! provide fo safe, predictable performance fo 
extended periods at speeds below 5 Km/hr. 


b. Steer System: 


A regenerative speed contrd system is required. Differential torque between 
sides shall be equal to maximum steer torque. Pivot steer capabZity on hard surface 
shall be 7 revdiutions/min. The steering contrds shall remain operative in the event af 
engine falure @ vehicle towing. The steer system shall be capable of accepting full 


engine power. | 


ce Coding Capability: 
Capable of continuous tractive effort qeraticon of at least 121,500 N. 


ad Braking: 


The vehicle shall be capable af a deceleration rate fram maximum speed mm 
Jevel hard surface road at Jeast 7 m/sec? (peak) and 5 m/secé (avg.). The vehicle shall 
be capable of an inci uded hald with engine aff om al jeast a 60% ¢ @e. The vehicle shal! 
be capabie of at least 25 stops tran 60 Km/hr @ 5 m/sec? @ 3 minute Intervais. The 
braking functions shall be accomplished by two separate mechanisms to al! ow 
redundance for emergency purp aes. 
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ATTACHMENT 2 (C ent'd) 
e. Electric/Hydraullce Power Capability: 


‘Continuous ceratio of all vehicle eectrical and hydrauic systems shal! e¢ at 
Jeast 7 Kw, to indude allent watch - the sDent watch is non-modile, with nase, . ght, 
and smcke Giscipline. The above power requirement covers turret hydrauic, radi » and 
other electrical needs, Canpartment ventilation and NBC countermeasure equipment. 
Electrical ans hydraulic power sairces must be capable af qerating independently or in 
parallel in a stable self reguating manner. Average auxiliary power usage is 2.5 Kw. 


ft. Speed on Grade: 


The propulsion system shal! be capable of sustaining farward vehicles speeds 
on hard surface roads and grades as defined in Figure 1. 


g. Acceeratico: 
The vetide shal! be capable a@f acceleration on dry level surface from ide, 
fram application @f the throttle, in the forward direction fram zero to 32.2 Km/jr (20 
mph) in seven seconds; and in reverse direction fram zerotolé Km/hr (10 mph), in five 
seconds. Assume no “thr actie” linkage delay. 
h. Engine: See figures & and 5. 
L. Shock: 


The eectric drive system must be able tc withstand a 15 g shock and in any 
direction. 
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Vehtole Suatained Forward Speed Capability ~ (nPh,-. 


a 


L & | 


36 


20 


210 


o - 10 20 30 40 so ts«C6 
Grade Slore - (Parcent) 


OTE: Performance shall be measured ovar hard-surface roacs. 
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CUMMINS ENGINE COMPANY, INC. 
Columbus, Indiana £7201 
AUTOMOTIVE PERFORMANCE Cunve 


SASIC ENGINE MODEL: CURVE NUMBER: 
VTA=}203—=T RC—R3S 14 mA 
ENGINE FAMILY: | CPL CODE, DATE: BY: 
0383 &/* 2/79 M.L.S. 


DISPLACEMENT: 9c3 ww? 94.8 Mitre) ASPIRATION: TURSOCHARGED & AFTEACOOLED aah ease 
SORE: 65 {140 mm) = STROKE:4.75 in ( 321. mm NO. OF CYLINDERS: 8 iF Ce 
EMISSION CONTROL: AFC FUEL SYSTEM: PT Bod (373) @ 2600 
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HOMOPOLAR MACHINE DESCRIPTION 
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APPENDIX & Homopolear Machine Description & 


One af the venicle drive system concepts selected utilizes 
homapod ar (Single pole) machines as the propulsive component. 
nese direct current (DC) machines are character; 
voltage (250) and high current nature of their outouwk amd the 
simplicity which 18 inherent in their des 


Sec by the bow 


yest 


come 


G.]l Homopolar Machine Ooeration 
G.l.i Voltage Generation 


Uperation of the homopolar machine is governed by Faraday’s Law, 
which relates the mechanica! Machine paraneters, rotational 
Velocity, and magnetic flux to the voltage produced across the 
rotar (armature). Specifically, VOChwr where; 


< 
i 


the voltage generated across the armature 


BRB = the density of the magnetic flux passing through the 
rotor 


w= the rotational velocity of the rotor 


ro] the pacdias of tne rotor drum 


A = the active machine length (defined as the length of the 
rotor across which the magnetic flux passes) 


The manner in which this relation is satisfied by the machine is 
shown ain Fiqure G.i.l—-i., BR solid rotar eat Made ar reson ar 
other oo magnetic reluctance material, is captured within a tmin 
COMGUCtLiOg Sleeve which 18 electricaily nee! yroamn the eotbar. 
Electrical connections are made around the periphery at each end 
or the sleeve by a series of sliding brush contacts. Fyeia 
COLLIS, which are wound in opposite directions from one another in 
A Circumferential manner, are olaced around the rotor near each 
end, the entire structure is encased within a housing af 
magnetic material toa provide 4a low reluctance return path for the 
magnetic ¢tlux. During operahion as a generator (tie homopolar 
Machine acts aqually well ino a motoring mode) tne field coils are 
mcaited with a DC current If, giving rise to ai torocidaliy 
Oriented maadnetic flux about each of the coiis. The meh Flise 
density which passes across tne active length of the rotor o5 1s 
“ne coambined field fram each of the field coiis., AS ioe rotor is 
ipa at a ratational speed w, the lines of magnetic fin | 
manstantly cut by the active Langth BD , generating a ditt 
volcaee across bthe roter drum which satisties Faraday’ s Lawn. 
This voltage is available at the two brush rings, and i¢ 
cannected to a load, Wili result in the tiow of armature current 


: © 
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(S.1.2 Torque Generation 


The generation of torque by the henesens ara 1S coavernecd by 
the vector relation WF = fa (2% Bd «x nad is best understood 
through consideration of the machine in a Rede sien TCI ALIN 


f 
ott 
ate 


tne field eoils excited and a potential Vm applied across tie 
hee 
L 


aPMATUFEG, am armature current fa flows proportional to whateve 
resistance is encountered in the armature CiPreni ts Tie 
interaction of the two orthogonal vectors in the directions of 
the magnetic flux and the armature current give rise tai a4 
qenerated force tangential to the rotor drum. Tae vector cr 
praduct of this force with the radius vector of the machine 
results in & qenerated torque about the axis of the rotor. Wiis 
torque is then transmitted along the shaft. 


G.2 Homopolar Machine Characteristics 


3. 2a] Pachine Losses 


Homopolar electrical losses are a function of three conponentss 
field coil resistance, armature sleeve resistance, amd brush 


contact potential drop and resistance. Of these, the rush 
LOSses5 are the mosh significank contributor, due to hinge 


resistance vs wear tradeoff eet MUst be analyszecd when the 
brush materail is selected. For example, a greater brush force 
Will accelerate brush wear, but Pei result in oa lower resistance 
and less heating. Lower heat dissipation then helps to langthen 
brush lite, Active brush cooling helps to reduce some of these 
tactors significantly. Mechanical losses are those normally 
associated with rotary machinery; Le@., fC TIGnN and wincdage. 
These losses are mast prevalent in the machine, and account far 
the majority of the total losses, particularly if there is little 
@leactrical load. 


Geeee Speed/Torque Characteristics 


Electrical machines are characterized by the sosed ve torgqua 
protile which defines the operatngq limits at any particular load. 
A representative curve for a homopolar machne is given in Figure 
Bh eetiey ot" ke The primary machine limitation is thermal rather than 
NaAGNBLiC saturabhion ar reaction torque demagnetization ‘(as with 
permanent miagqnet DC motors). AS LOG as adequate heat removal is 
provided, (he homapolar machine can deliver rated torque over the 
full Speed range of tne machine. Migher, mamcomtinunus torques 
ae i 


at Shalio or vary low epeeds are also thainabile ano can ba 


Pe 

maintainec with sufficient coolina. Stald tarque levels aire 
Ultimately dlimited by brush current pana dt which caugoied with 
the rotor tip speed, far an envelope whic defines the  mexisium 
Lranmsienk Load. 


Gece Hamopoalar Gain/Controil 


A primary advantage of hamapolar machines is the abiiity to 
i 


cantrol their aperation through excitation of the G@ld windings 
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ackooa much reduced power level. This is in carmtrast bo ali Ae 
drive systems which require that a series controller canaoie © 
handling the entire motor power be used to generate tne mecessary 
AC Waveforms. Homopolar machine gain is defined as the ratio ofr 
the output power (mechanical for the motoring mode, electrical 
for the generating mode) to the full excitation power or tne 


a 
f 


field coils. Present homopolar desiqns yield gains on the order 
Or 25. The method of control is best demonstrated oy Fiquire 
G.2.3-1, which presents ai family of Linear speed ve voltage 


Curves. Due to the simplicity of construction and Single pole 
mature af the machine, generated armature voltage is 4 ILine: 
function of rotational velacity. The magnitude of the voitage 16 
controlled by the level af magnetic flux in the macnine. Since 
the flux level is directly proportional to the field current 
provided, a control parameter for machine speed 1s realizec. im 
a Similar manner, as shown in Figure G.2.5-2, the armature torque 
generated is a linear function of the armature currant and the 
flux level. Hence torque control is also r@alized thrroaugh thi 
same control parameter. in a& system which intorporates a 
homopolar motor and a generator, both speed and torque contrat 
are available ta the user. 


vat 
He 
hi 


if 


Gaet.e4t Fower Density 


Fower densities of homopolar machines are moderate in Comparison 
With those of competing technologies. Altnough significantly 
better than those of conventinal DC machines or industrial AL 
induction motors,  homopolar power densities are not as great as 
those of machines excited by high frequency AC (1,@., high 
fraquency synchronous ar hybrid, brushless machines). Tis i 
due in part to the tow induction level of materials availabie and 
thus the amount of magnetic material required to carry the 
necessary flux levels. tt should be realized, Aowever, than if 
the weight and volume requirements of the series cantroliar 


required by @ach of the AC systems 16 aintorporated into an 


overall system weight for each af the alternate technology 
macines, a more equitable comparisan is achieved. In Buch a 
canpari san Lng power density of the fh 

competkitive, 


G.2.9 Tharmal Requirements 


The homopolar machnes recommended for use as vehicie@ pronulsive 
elements require Liquid cooling for proper operatian under narmal 
venaicie lbloads. This 16 also true for other high pertoarnance 
hechnoiogie@#s (1.6., Nigh frequency AC driven machines?. Tmiernrnad 
cooling of the homopolar machine rotor drum and brush assenbiies 
are flood cooled, and coolant i68 circulates through each oF the 
field. opis. There is mo requirement regarding the ran content 
oF the coolant due to the low potentials which @xish within the 
MAC Le. Precautions, however, ehould be taken t5 maintain 
coolant cleanliness caomsistent with that required by machines of 


Similar precisian. 
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[$42 Ga Rotor lnerhia 


ROtar inertia Of drum configured homopoalar WACK Mes 
campetitive will all alternate technoloqy machines and in Mary 
Cases, Such a8 with large diameter brushless motors tLSHTi, 
significantly better. Rotor magnetic material mass is the 
primary antluence on this parameter due to the Pequiirament 
complete flux circuit path. 5 
techniques have been propose 
homopalar inertias to less that 25 percent of present designs, 
resulting in extremely resnonsive 

derive applicatioris. 
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APPENDIX H 


AC MACHINES OPERATION 


H.1 General 


In this section, induction, synchronous, and permanent magnet machines 
are briefly described in terms of their operation. 


H.2 Induction Motors. Induction motors are probably the most universal] 
of all motors in present use. They are characterized by extreme simplicity, 
very rugged construction, high reliability, and low manufacturing cost. AC 
induction motors can be designed to operate over wide frequency extremes and 
are very tolerant to waveshape (although reasonable sine waves are prefer- 
able), and applied voltage variations. They can be easily designed for 
Single, two, or three or more phased operations. While single-phased motors 
are not easily reversible, three-phased designs can be reversed electrically. 


Operation of induction motors is best described by transformer theory. For 
simple example purposes, the stator winding can be considered as the primary 
winding and the rotor the secondary winding. However, the rotor winding is 
essentially a number of parallel, shorted turns. Thus, voltage so induced 
across the airgap causes a voltage and appropriate current to circulate in the 
rotor windings. This rotor current produces a reactive force which opposes 
the stator current, producing rotation of the armature which is attached to 
the output shaft. The motor/transformer analogy, however, is no longer valid 
when the airgap is considered. In a well-designed multiphase power trans- 
former, the airgap is made as small as possible to minimize the loss in power 
converston from the primary to secondary winding. In the induction motor, the 
airgap must provide a correct balance of induced flux in the rotor and airgap 
loss. Due to the series relationship of the motor windings and the airgap, 
and the low resistance of the rotor windings, large currents flow in the rotor 
conductors when small voltages are present at the rotor windings. This action 
directly depends on the voltage and current relationships resulting from 
application of the turns ratio of the stator and rotor windings. 


‘The motor "series" airgap thus balances the excess voltage flux wave not 
required by the rotor to maintain the rotating speed. In the transformer 
analogy, this would be equivalent to a high leakage reactance design with a 
mechanical separation between primary and secondary windings. In this spe- 
cific case, the leakage reactance balances the excess flux when the secondary 
winding is shortcircuited., 


So far, the discussion has established the theory of rotation for the arma- 
ture. For the armature to actually rotate, the airgap flux wave must also 
rotate, either continuously, as in a three-phase AC system, or instantan- 
eously, as in a Single-phase AC system. For single-phase systems, a capacitor 
or separate start-winding is required to shift the phase of the airgap flux 
wave to start rotation. However, for electric vehicle use, we will consider 
only the three-phase power system since the three-phase AC system has a 
naturally occurring flux field rotation. 
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The transformer analogy of induction motors Can also be extended to the rela- 
tive size of the motor. The wel! known transformer equation relating flux 
density, applied voltage, core area, and frequency (a specific application of 
Faraday's law) applies directly to AC induction motors. Thus, for low fre- 
quency AC systems, the area and volume of stator and rotor iron required to 
support the applied voltage will be greater than for higher frequencies. 
Coupled with the naturally rotating flux wave of three-phase systems, this 
sets the physical dimensions of the motor. It also allows for a convenient 
control of motor speed by varying the applied frequency, since changing the 
frequency results in a change in the rotating flux field in the airgap. : 
Generally, industrial induction motors can be operated over a minimum of 2/1 
speed range with some operation of up to 4/1. 


Electric vehicle application experience using AC induction motors has been 
favorable. Extensive design and testing of induction motor powered vehicles 
took place in the early 1970's. The test results were generally satisfactory- 
-the major problem being the reliability of the variable frequency inverter. 
The development effort did, however, establish desirable characteristics for 
the induction motor (mainly reduced size and weight, and improved efficiency) 
for electric vehicle use. , 


H.3 Synchronous Motors. In the discussion dealing with induction 
motors, it was established that the rotor reactive force is developed by 
induced voltage and the resultant current is transformed from the stator wind- 
ing. As the reactive force creates armature rotation, the actual armature 
positional relationship with respect to the induced rotor flux will be slight- 
ly retarded. As the motor approaches full speed, the positional relationship 
becomes relatively constant, and thus rotates at a speed equal to 3 to 10 
percent of the applied frequency base speed. This difference in rotor speed 
as a ratio of base speed is defined as the slip speed. 


A special case can be made for AC induction motor designs in which the slip 
ratio is held at unity. Under this circumstance the rotor speed and the field 
flux rotational speed are equal. Motors of this type thus have a synchronous 
speed relationship, and bear this name. Synchronous motors are characterized 
by having wound rotors which can be separately excited from an external volt- 
age source, rather than excited through induction from the stator winding. 
This capability allows for establishing a high reactive force in the armature, 
even at zero rotor speed. It holds that the stator induced field flux and the 
rotor reactive force developed from separate power can be individually con- 
trolled. Since the rotor reactive force determines the motor torque and the 
stator frequncy controls the motor speed, the synchronous motor has the inher- 
ent characteristics desirable for electric vehicle applications. An addi- 
tional control characteristic is available in synchronous motors because of 
slip frequency. Since by definition, svnchronous operation requires that the 
slip frequency be unity, a change in slip frequency requires a corresponding 
in rotor speed to maintain the motor magnetic circuit in balance. In syn- 
chronous motors, the slip ratio can be controlled by a change in the rotor 


excitation. Thus for electric vehicle applications, either the stator fre- 
quency or rotor excitation may be changed to command acceleration or deceler- 
ation, as required. 


Recent developments in synchronous motors and generators have eliminated the 
requirement for direct excitation connections to the rotor windings. 

Figure H.3-1 illustrates the system for controlling the rotor excitation by 
additional components attached to the common output shaft. The key feature of 
this system is the integral AC exciter/alternator and rotating rectifiers. 
This system can produce the required rotor excitation very efficiently due to 
the transformation action of the alternator. System controlability js excel- 
lent due to the high gain available in the control loop. Due to the trans- 
formation characteristics of the AC exciter, small, low-power error signals 
can command the motor/generator system over the full-rated power range. 
Response times are very short and thus the system is very reactive to operator 
inputs. This command/control characteristic is desirable in electric vehicle 
drive systems to maintain both responsiveness and stability. 


H.4 Permanent Magnet Brushless DC Motors. During the mid-1950's, 
development of high energy magnet materials allowed designers to employ these 
permanent magnets in motor structures as the source of rotor excitation. As 
permanent magnet materials have improved, designers have applied them to 
larger motors which at present range up to 50-100 Horsepower. Early develop- 
ment of the permanent magnet motor was characterized by simply substituting 
the magnet for a wound-field structure in shunt-wound DC motors. The motor 
thus performed in a similar fashion to the conventional, DC mechanical ly- 
commutated motor, except that motor speed increased linearly with applied 
voltage. This characteristic is due to the fixed, constant-level of field 
flux generated by the permanent magnets. 


While the speed versus applied voltage linearity was recognized as a desirable 
characteristic, the speed versus torque curve reacts in an opposite manner. 
Thus, while speed increases with voltage, torque decreases with speed in a 
reasonably linear fashion. These features of the permanent magnet motor, 
while usable in many applications--including small electric vehicle drives, 
would not be sucessful in large electric vehicle drives where extreme 
performance is the requirement. 


Within the past ten years, development efforts in permanent magnet motors have 
produced a true hybrid motor. These hybrid motors have many of the desirable 
characteristics of DC motors (such as speed versus voltage linearity) while 
being controlled and commutated from an AC source. This family is generally 
labeled "Brushless" DC motors. 


Brushless DC motors are characterized by their construction which is similar 
to a conventional multiphase AC motor, except the usual peripher:! field pern- 
anent magnets are replaced by a multiphase (usually three) winding powered by 
an electronic inverter. The inverter is operated at selected frequencies 
which are dependent on motor design and provide the electronic commutation 
function. The permanent magnets are attached to the rotor in a manner which 
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Figure H.3-1. Diagrammatic Representation of Brushless Excitation System 
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provides for field flux in the stator/rotor airgap. This design allows for 
considerable flexibility in the rotor design and the number of poles available 
for reacting with the rotor. These design variables result in two basic 
brushless motor designs: one having small rotor diameters, few poles, and a 
magnet length dependent upon the horsepower requirement; and one having large 
rotor diameters many poles and, relatively short magnet length. Generally 
these two motor types are classified as High Speed/Low Torque (HSLT), and Low 
Speed/High Torque (LSHT) designs. 


Excellent thermal characteristics is one of the major features of the brush- 


less motor design. With the heat-generating windings situated on the stator, | 


low thermal resistance in the stator iron allows for relatively unimpeded heat 
flow to the outside motor shell. Appropriate cooling can be employed to 
removed this heat and maintain the motor at rated temperature. Very little 
heat is generated by the permanent magnet rotor structure and, consequently, 
the rotor temperature rise is minimized. 


General reliability of brushless motors is very favorable. Care must be used 
in selecting the motor type, however, so that vibration and shock do not cause 
damage to the magnet structures. Although minor cracking of the magnets will 
not cause a major motor failure, cracks can cause degradation in motor per- 
formance. Amore significant failure can result if the magnets fragment and 
produce chips which can lodge in the airgap. 


Brushless DC motors offer desirable features to electric vehicle drives. The 
control characteristics, when considered with the capabilities of electronic 
commutation controllers, offer the potential for independent speed and torque 
control. Motor efficiency is high and the construction provides excellent 
thermal dissipation. Further, as defined by the vehicle specifications, the 
brushless motor may be designed for high- or low-speed operation with the 
appropriate resultant torques. 
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